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(54) Title of the invention: Non- volatile memory 
(57) Claim 

Claim 1. Non-volatile memory having memory effects from the accumulation of 
charge in a floating electrode and comprising: 

a charge injection electrode for generating hot carrier through a tunnel effect; 

a control electrode for establishing the tunnel voltage established between the 
charge injection electrode and said floating electrode; and 

an insulating film established between said control electrode and floating 
electrode;. 

wherein said hot carrier passes through the energy barrier of said insulating film 
covering said floating electrode and is injected to said floating electrode. 

Detailed specification 

Area of industrial use 

The present invention relates to the structure of electrically writable non-volatile 
memory used for storing analog information. 

Prior art 

Recently, attempts have been made to develop recognition apparatuses having 
practical functions, such as pattern recognition, and mimicking the neural networks of 
living things. Such apparatuses would have extensive merits if they could be realized 
with the silicon integrated circuit chips that have increasingly high levels of integration at 
the present time. In that case, it would be necessary to develop elements having the same 
functions as synapses, the junctions among nerve cells. Those functions include the 
storage of analog junction strength and the ability to increase or decrease this junction 
strength with learning. An important candidate is Electrically Erasable Programmable 
Read Only Memory (EEPROM). However, EEPROM has the following disadvantages. 

At this time, most EEPROM is of the floating electrode type as shown in Figure 
10 or the MNOS (metal-nitride-oxide-semiconductor) type as shown in Figure 1 1. In 
Figures 10 and 1 1, 1 shows the control electrode, 2 the floating electrode, 3 the tunnel 
insulating film, 4 the source region, 5 the drain region, 6 aluminum wiring, 7 the silicon 
substrate, 8 the gate, 9 the oxide film, 10 the nitride film, and Tl the power terminal. 
Information is written by injecting charge to the floating electrode or a trap at the 
interface between the oxide film and nitride film due to tunnel current passing through 
the insulating film, or channel hot electron injection. 

For elements of any structure, the charge injection speed is highly dependent upon 
the difference in potential between the charge injection side and the charge accumulation 
side. Therefore, when the potential of the accumulation region changes as charge is 
accumulated, continuous and linear accumulation of charge becomes difficult. This is 
explained using an example wherein charge is injected to the floating electrode by the 
tunnel effect. 

Figure 12 shows representative current- voltage properties due to the tunnel effect 
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in silicon dioxide film (thickness 100 A, area 250 x 250 |im). When the current is small, 
the tunnel current increases exponentially with respect to the applied voltage. On the 
other hand, in conventional EEPROM as shown in Figure 10, voltage is applied to the 
control electrode 1 established on the floating electrode 2 and voltage is applied to the 
tunnel insulating film 3 by capacitive coupling. Due to this electrical field, electrons are 
injected from the substrate 7 to the floating electrode by the tunnel effect. When electrons 
are accumulated in the floating electrode 2, the voltage applied to the tunnel insulating 
film 3 decreases. Thereupon, the tunnel current decreases exponentially according to the 
properties in Figure 12. For this reason, when writing is performed with a constant 
voltage, the change in potential of the floating electrode changes logarithmically over 
time as shown in Figure 13. The vertical axis in Figure 13 shows the change in the 
threshold value of the MOS transistor having the floating electrode 2 as its gate; this 
value is proportional to the amount of charge accumulated in the floating electrode 2. 

Problems to be solved by the invention 

Writing analog information into conventional EEPROM is difficult for the 
reasons discussed above. Before now, only digital information of 1 or 0 (written or not 
written) could be stored. 

When analog information is stored in conventional EEPROM, complex control 
external to the LSI becomes necessary in order to calculate and apply with an external 
computer the write voltage value for injecting only the quantity of charge corresponding 
to the analog value to be written, as seen in the paper "An electrically trainable artificial 
neural network (ETANN) with 10,240 floating gate synapses", International Joint 
Conference on Neural Network (UCNN), 1989, Volume 2, p. 191. The present invention 
was developed in view of this issue. It is an object of the present invention to provide a 
structure for non- volatile memory with which it is simple to store analog information. 
Also, it is another object of the present invention to provide an EEPROM structure 
wherein the write/erase time and quantity of charge accumulated are linear for a constant 
write/erase voltage. 

Means for resolving the problems 

As explained above, the present invention is a non-volatile memory having 
memory effects from the accumulation of charge in a floating electrode and comprising: a 
charge injection electrode for generating hot carrier through a tunnel effect; a control 
electrode for establishing the tunnel voltage established between the charge injection 
electrode and the floating electrode; and an insulating film established between the 
control electrode and floating electrode; wherein the hot carrier passes through the energy 
barrier of the insulating film covering the floating electrode and is injected to the floating 
electrode. 

Operation 

In the non-volatile memory relating to the present invention, the threshold value 
of the transistor having the floating electrode as its gate changes in proportion to the 
injection time, without the tunnel current dropping due to the charge accumulated in the 
floating electrode. 
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Embodiments 

The non-volatile memory disclosed in this application is the floating electrode 
type non-volatile memory wherein a very thin control electrode, for setting tunnel 
voltage, is established between the charge injection electrode and the floating electrode. 
The principle of its operation is explained next. 

Due to the difference in potential between the charge injection electrode and the 
control electrode, the carrier (electrons or holes) injected towards the control electrode by 
the tunnel effect from the charge injection electrode enters the control electrode in a hot 
(high energy) state. Because the control electrode is very thin, this carrier remains hot. as 
it passes through the control electrode, skips the energy barrier of the insulating film 
established between the control electrode and the floating electrode, and reaches the 
floating electrode. 

Either positive or negative charge can be accumulated in the floating electrode 
according to this principle. The difference in potential for tunneling is determined by the 
difference in potential between the charge injection electrode and the control electrode 
and is not affected by the potential of the floating electrode. Consequently, the charge 
injection speed is not dependent on the amount of charge accumulated in the floating 
electrode. Consequently, the writing time and amount of charge accumulated are 
proportional and it becomes possible to accumulate analog information. 

In the conventional structure, the control electrode is established on the floating 
electrode. The voltage applied to the tunnel insulating film is from the division of 
capacitance of the voltage between the charge injection electrode and the control 
electrode. This depends on the amount of charge accumulated and consequently, the 
charge accumulation speed slows exponentially as the amount of charge accumulated 
increases. 

Below is shown an embodiment relating to the present invention and constituted 
using silicon integrated circuit chip manufacturing technology. Of course, [an 
embodiment] can be constituted in the same way using a compound semiconductor such 
as GaAs. 

Figure 1 shows the structure of a first embodiment of non- volatile memory 
relating to the present invention. Figure 2 shows a diagram of the energy bands during the 
write operation. The structure and operating principle are explained using these drawings. 

Moreover, the read transistor 1 1 is an enhancement-type PMOS transistor. 
Therefore, it can be used as analog memory only when the gate voltage is negative. 
Consequently, a state in which positive charge is accumulated on the whole in the 
floating electrode 2 is not considered. However, the read transistor 1 1 may also be a 
general depression-type or NMOS [transistor]. The object of the read transistor 1 1 is to 
detect a change in potential of the floating electrode 2, and therefore [the read transistor 
11] may be any type that achieves this object. The type of charge accumulated in the 
floating electrode 2 varies according to the constitution of the read transistor 1 1 . 

Unlike digital memory, analog memory is inadequate for just realizing writing 
and erasing. In the present embodiment, the potential of the floating electrode can be 
reduced and the channel resistance of the read transistor 1 1 can be reduced by injecting 
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electrons to the floating electrode 2. Oppositely, the potential of the floating electrode 2 
can be reduced and the channel resistance can be raised by injecting holes. Here, the 
former is called negative writing and the latter is called positive writing. 

Also, in the present embodiment, the charge injection electrode uses a diffusion 
layer formed on the silicon substrate; moreover, this may be a diffusion layer with both p 
and n conductivity types in consideration of the symmetry of the tunnel effect during 
positive and negative writing. In theory, however, the charge injection electrode may be a 
diffusion layer with a single conductivity type or of metal established on the substrate and 
of the same type as the control electrode. 

Next, the structure of the present embodiment is explained using Figure 1. The 
materials used for the control electrode 1 and the floating electrode 2 may be any type of 
conductive materials, for example, doped polysilicon, aluminum, gold, molybdenum, or 
tungsten. The control electrode 1 is as thin as possible, on the order of 100 A for 
example, in order to minimize scattering and^absorption of the high-energy carrier. The 
thickness of the floating electrode 2 is 1000 A or greater in order that the injected carrier 
not pass through. 

Silicon dioxide film is used for the tunnel insulating film 3 and the insulating film 
12 between the control electrode 1 and the floating electrode 2. The work function 
difference between the materials for the control electrode given above and the silicon 
dioxide film is 3 to 4 eV. When the maximum change in potential of the floating 
electrode due to accumulated charge in the floating electrode 2 is 3 V, the energy of the 
carrier directly after tunneling must become at least 7 eV or greater as seen from the 
floating electrode 2. With this energy difference, the oxide film thickness that allows 
sufficient tunnel current to flow without reaching dielectric breakdown is about 80 A. 
The tunnel current in this case is the Fowler-Nordheim type. The carrier passes through 
the conduction band of the oxide film and is accelerated there. 

On the other hand, the thickness of the insulating film 12 is determined as 
follows. During writing, the high-energy carrier passes through the conduction band of 
the insulating film 12, but at this time the carrier is scattered by phonons and loses 
energy. The insulating film 12 should be as thin as possible in order to minimize the 
percentage [of carrier that loses energy]. However, [the insulating film] must be thick 
enough that the charge accumulated in the floating electrode 2 does not pass to the 
control electrode 1 side with the tunnel effect in the standby state or reading state. When 
the maximum value of the change in potential of the floating electrode 2 is 3 V as noted 
above, the thickness of the insulating film 12 should be 70 A. 

The charge injection electrodes 13 and 14 are diffusion layers with carrier 
concentrations of 10 cm° or greater. 

Moreover, in Figure 1 (a), WB shows a well separation groove and WL shows an 
n well. Also, Figure 1 (b) is a cross sectional view taken at dotted line in A-A in (a) and 
(c) is a cross sectional view taken at dotted line B-B\ 

Next, the operation of the first embodiment of the present invention is explained 
using Figure 2. Figure 2 (a) shows energy bands in the case where no charge is 
accumulated in the floating electrode 2 and the writing bias is not applied. The difference 
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in contact potential of the electrode materials is unimportant here and therefore may be 
ignored. In the following explanation, the charge injection electrodes 13 and 14 
continuously have potentials of 0. Moreover, in Figure 2, 2a shows the position of the 
floating electrode (metal), 12a shows the position of the insulating film 12, la shows the 
position of the control electrode (metal) 1, 3a shows the position of the tunnel insulating 
film, and 13a shows the position of the charge injection electrode (n + Si) 13. Also, the 
energy level is shown in a vertical direction and the shaded portion shows the energy 
range of the electrons. 

Figure 2 (b) shows the negative writing state. In the case of negative writing, a 
positive bias (7 V or more) is provided to the control electrode 1 and electrons are 
injected from the charge injection electrode 13 as shown by the arrow AR1. Even when 
the potential of the floating electrode 2 decreases as electrons are accumulated, the 
energy distribution of the electrons upon entering the insulating film 12 is sufficiently 
higher than the energy barrier of the insulating film 12 and electrons can be injected 
independently of the potential of the floating electrode 2. 

Figure 2 (c) shows the positive writing state. In the case of positive writing, a 
negative bias (-4 V or greater, for example) is provided to the control electrode 1 and 
holes are injected from the charge injection electrode (p + Si) 14 as shown by the arrow 
AR2. As discussed earlier, the potential of the floating electrode 2 does not become very 
much higher than that of the control electrode 1 in this structure, and therefore the energy 
provided to the holes may be greater than the work function difference (4 eV) of the 
control electrode 1 and the insulating film 12. 

With the first embodiment explained above, the potential of the floating electrode 
2 becomes less than that of the control electrode 1 and the carrier must have energy, 
including the drop in potential of the floating electrode 2, in order to pass through the 
energy barrier of the insulating film 12. For this reason, when the tunnel insulating film 3 
is constituted of silicon dioxide film, there are constraints to the film thickness and the 
tunnel current is of the Fowler-Nordheim type. In this case, the carrier spends a long time 
in the conduction band of the insulating film and has a high energy loss. Also, the 
extreme scattering and absorption of higher energy carriers in the control electrode 1 
result in a low overall amount of electrons reaching the floating electrode. These 
disadvantages are resolved in the second embodiment shown next and a structure is 
disclosed wherein any quantity of charge can be accumulated in the floating electrode 2 
without requiring excessive energy of the carrier. 

In the second embodiment of the present invention, the first embodiment further 
includes a second control electrode (referred to as "supplementary control electrode" 16 
established on the floating electrode 2 with the insulating film 15 therebetween (Figure 3 
(b)). The structure is therefore more complex compared to the first embodiment, but has 
the following advantages. 

The material for the supplementary control electrode 16 is the same as that for the 
control electrode 1 and the floating electrode 2. Also, the supplementary control electrode 
16 has no restrictions to its thickness and may be 1000 A, for example, so long as the 
potential may be set. The material for any insulating film 15 is silicon dioxide film like 
the insulating films 3,14. The thickness of the insulating film 15 is 70 A like the 
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insulating film 12. 

When a positive bias deeper than the bias applied to the control electrode 1 is 
applied to the supplementary control electrode 16 during negative writing, the 
supplementary control electrode 16 functions so that the potential of the floating 
electrode 2 does not become lower than the potential of the control electrode 1 even when 
electrons are accumulated in the floating electrode 2 (Figure 4 (b)). An increase to the 
energy barrier of the insulating film 12, due to the drop in potential of the floating 
electrode 2 caused by electron accumulation, can thereby be prevented. Consequently, the 
energy necessary for the electrons may be greater than or equal to the work function (4 
eV) of the floating electrode 2 and the control electrode 12. This is not dependent on the 
quantity of charge accumulated in the floating electrode 2. Moreover, in Figure 4, 15a 
shows the position of the insulating film 15, 16a shows the position of the supplementary 
control electrode (metal) 16. In this figure, the same symbols are used for portions 
corresponding to the same portions in Figure 2. 

Other advantages result from the necessary energy for the electrons being less 
than in the first embodiment. Specifically, the tunnel insulating films 3 can be made thin 
because the voltage applied to the floating electrode 2 may be 4 V or greater. As a result, 
the advantage is that an oxide film may be used in the region near direct tunneling, that is 
the tunnel mechanism, and not passing through the conduction band of the oxide film. 
The energy loss becomes small because of the short distance of passage through the 
conduction band. The conditions for direct tunneling in the silicon dioxide film depend 
on the material of the gate electrode and are an oxide film thickness of 40 A or less and 
an applied electrical field of 10 MV/cm or less in the case of doped polysilicon. Under 
these conditions, however, the current density is small at 10" 6 A/cm 2 and requires a large 
tunnel area for high-speed writing. Therefore, the film thickness for Fowler-Nordheim 
tunneling conditions is also used; that thickness is 40 to 80 A. In this second 
embodiment, the thickness of the tunnel oxide film 3 is 50 A. Furthermore, when the hot 
carrier passes through the control electrode, the energy of the electrons is low compared 
to the first embodiment; as a result, the percentage that is scattered and absorbed is small. 
Consequently, the percentage of electrons reaching the floating electrode 2 becomes high 
compared to the first embodiment. 

In the case of positive writing, a negative bias (for example, -4 V or greater) is 
provided to the control electrode 1 and holes are injected from the charge injection 
electrode (p + Si) 14. At this time, a negative bias deeper than the bias applied to the 
control electrode 1 is applied to the supplementary control electrode 16, so that the 
potential [typo in source text] of the floating electrode 2 does not become greater than the 
potential of the control electrode 1 even if holes are accumulated in the floating electrode 
2. Normally, however, because negative writing is already being performed and the 
potential of the floating electrode 2 has become low, the same bias as the control 
potential may be applied to the supplementary control electrode 16 (Figure 4 (c)). 

Also, because the restrictions to the thickness of the insulating film 12 are 
eliminated, a thickness of 100 A or greater is possible and the charge retention properties 
can be improved. This is one of the major advantages of the present embodiment, as 
compared to a conventional floating electrode type EEPROM that has no improvement to 
the retention characteristics because of the low writing voltage and the thin tunnel 
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insulating film. 

Moreover, because this supplementary control electrode 16 may have a capacitive 
coupling with the floating electrode 2, the positioning on the upper portion of the floating 
electrode as shown in Figure 3 is not necessarily required. Also, using a capacitive 
coupling with the read transistor 1 1 makes it possible to eliminate the supplementary 
control electrode 16. In Figure 4, (a) is a diagram of the energy bands showing the initial 
state of no bias and no charge accumulation as in Figure 2 (a). 

The results of experiments performed to demonstrate the effectiveness of the 
second embodiment are explained. An investigation was made of the current flowing into 
the floating electrode when a terminal is established on the floating electrode and the 
potential of the floating electrode is varied. Because this is not a "floating" electrode, it is 
called a probe electrode in the following explanation. The thickness of the tunnel 
insulating film is 75 A and the area of the tunnel region is 1.1 \im 2 . Phosphorous-doped 
polysilicon with a thickness of 130 A and an impurities concentration of 5xl0 19 cm" 3 was 
used for the control electrode. The same phosphorous-doped polysilicon with a thickness 
of 1500 A was used for the probe electrode. A silicon dioxide film with a thickness of 
150 A was used for the insulating film (corresponding to the insulating film 12) between 
the control electrode and the probe electrode. Figure 5 (a) and (b) shows the relationship 
between the potential of the probe electrode and the current flowing in the control 
electrode and probe electrode. Here, the control electrode has the potential of 0. Figure 5 
(b) shows an example when -1 1.3 V is applied to the charge injection electrode. When 
the potential of the probe electrode exceeds 0.7 V, the probe electrode current flows out 
and when the potential of the probe electrode is increased from 1 V to 3 V, the probe 
electrode current increases by less than 15%. These results show that the probe electrode 
current is not dependent on the potential of the probe electrode, as compared to the 
exponential increase in current in a conventional EEPROM structure. Consequently, the 
effectiveness of the second embodiment is demonstrated. 

It should be noted that the probe electrode current does not flow when the 
potential of the probe electrode is at 0.7 V or less. This is thought to be a result of the 
entire thin control electrode being depleted because of the high applied voltage and the 
potential of the control electrode being suppressed to 0 V, because the impurities content 
of the polysilicon used for the control electrode is not high enough. When a potential of 
the probe electrode is increased and exceeds 0.7 V, the depletion of the control electrode 
is alleviated because of the voltage of the probe electrode, the potential of the control 
electrode is fixed, the probe electrode current flows suddenly. This interpretation 
correctly explains the priorities of the control electrode current (Figure 5 (a)). If the 
potential of the control electrode is completely fixed, the control electrode current 
becomes constant without relation to the potential of the probe electrode. Consequently, 
the principle wherein current flows when the probe electrode has a lower potential than 
the control electrode, as explained by the first embodiment, is not negated by Figure 5 
(b). 

Next, a third embodiment, wherein the second embodiment is made using the 
polysilicon gate process that is conventional EEPROM manufacturing technology, is 
explained using Figures 6 and 7. 
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In this embodiment, pairs of the charge injection electrode and control electrode 
with different conductivity types depending on whether positive or negative writing 
operations are performed (17 and 18 are n type and 19 and 20 are p type) are prepared. 
The charge injection electrode comprises a diffusion layer formed on the silicon substrate 
and the control electrode comprises doped polysilicon. The tunnel insulating film 3 and 
the insulating film (silicon dioxide film) 12 between the control electrode 18, 20 and 
floating electrode 2 are used. 

The read transistor 1 1 is provided a gate 21 in order that it may detect the quantity 
of charge accumulated in the floating electrode 2. 

Because of this gate, the type of the read transistor explained at the beginning of the first 
embodiment is not an issue. Specifically, the quantity of charge accumulated in the 
floating electrode is detected as a change in the threshold value of the read transistor as in 
the prior art. Consequently, the gate 21 corresponds to the control electrode of 
conventional EEPROM. In the present invention, [this gate] also functions as the 
supplementary control electrode explained the second embodiment. The gate insulating 
film 22 must be sufficiently thicker than the tunnel insulating film 3 in order that charge 
is not injected to the floating electrode from this portion during writing. For example, a 
thickness of 120 A or greater is required. 

Figure 7 (a) shows the energy bands during negative writing. The gate 21 has a 
capacitive coupling with the floating electrode 2; as a result, a positive bias deeper than 
the bias applied to the control electrode 18 during negative writing is applied to the gate 
21, so that the potential of the floating electrode 2 does not become less than the potential 
of the control electrode 1 8 even when electrons are to emulated in the floating electrode 
2. 

Figure 7 (b) shows the case of positive writing. As above, an appropriate bias is 
applied to the gate 21 so that the potential of the floating electrode 2 does not become 
greater than the potential of the control electrode 20 even when holes are accumulated in 
the floating electrode 2. 

Next, the reason for the necessity for a pair of electrodes with different 
conductivity types for positive and negative writing is explained. Because of the relation 
to the current supply, an n type semiconductor in the case of negative writing and a p type 
semiconductor in the case of positive writing are appropriate for the charge injection 
electrode. Next, even when a negative bias is applied to the control electrode 18 (n + 
polysilicon), for example, and holes are injected to the control electrode side, electrons 
pass from the control electrode 18 to the charge injection electrode at the same time. Due 
to this current, a greater electrical field cannot be applied to the tunnel insulating film 3 
and hot hole injection becomes difficult. This applies to the opposite case is well. 

In the first through third embodiments, tunneling between the charge injection 
electrode and the control electrode occurs through the insulating film 3, but as shown in 
Figures 8 and 9, it is also possible for the charge injection electrodes 13 (p ++ ), 14 (n ++ ) 
and the control electrode 1 (n** and p ++ ) to be formed by highly concentrated diffusion 
layers of opposite conductivity types in the semiconductor substrate and for carrier 
injection by tunneling in the band due to a strong band curvature at the pn junction under 
reverse bias. In this case as well, the diffusion layer constituting the control electrode 1 
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must be very thin, 1000 A or less. Moreover, the same symbols are used in Figure 9 for 
corresponding portions in Figure 4. 

Effect of the invention 

As explained above, the present invention is provided a carrier injection electrode 
for generating hot carrier due to the tunnel effect, a control electrode for establishing 
tunnel voltage established between this charge injection electrode and floating electrode, 
and an insulating film established between the control electrode and the floating 
electrode. Due to the hot carrier exceeding the energy barrier of the insulating film 
covering the floating electrode and being injected to the floating electrode, the difference 
in potential for tunneling is determined by the difference in potential between the charge 
injection electrode and the control electrode and is not influenced by the potential of the 
floating electrode. If the control electrode is very thin, charge can be accumulated in the 
floating electrode proportional to the injection time and without tunnel current dropping 
due to charge accumulated in the floating electrode. Moreover, the threshold value of the 
transistor having the floating electrode as its gate can be changed in proportion to the 
injection time. Non-volatile memory with which the storage of analog values is simple 
can be constituted thereby. 

If a supplementary control electrode is established on the floating electrode with 
an insulating film therebetween, the floating electrode can be covered by an insulating 
film that is thicker than in the case of conventional floating electrode-type EEPROM 
cells, as shown by the second embodiment. Accordingly, EEPROM with good charge 
retention properties can be constituted thereby. 

Furthermore, conventional EEPROM applies voltage to the tunnel insulating film 
established between the charge injection electrode and the floating electrode due to the 
division of capacitance between the charge injection electrode and the floating electrode 
and the capacitance between the floating electrode and the control electrode. As a result, 
the ratio of the capacitance between the charge injection electrode and floating electrode 
to the capacitance between the floating electrode and the control electrode must be as 
small as possible in order for effective application to the tunnel insulating film of the 
writing voltage applied to the control electrode. There are limits to how small the former 
capacitance can be made and thinning the insulating film between the floating electrode 
and the control electrode in order to increase the latter capacitance is not desirable 
because it negatively affects the charge retention properties. The area of the overlap 
between the floating electrode and the control electrode must therefore be made as large 
as possible and it therefore becomes difficult to reduce cell area. On the other hand, 
because the present invention does not use the capacitive coupling method, there are no 
limits to either capacitance and it therefore becomes easy to reduce cell area. Also, a 
sufficient change in the threshold value voltage for the read transistor is attained with a 
small quantity of charge because the capacitance of the floating electrode can be made 
small. 

Due to the above the advantages, high-density and high-capacity memory 
enabling easy, non-volatile storage of analog information can be constituted with the 
present invention. In other words, without requiring complex control circuitry external to 
the memory, non-volatile storage with good retention properties of information 
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proportional to the number of pulses becomes possible with a writing voltage pulse 
having constant voltage. If this is applied to integrated circuit chips used in neural 
networks, for example, it becomes possible to compose high-density, high capacity neural 
network-type analog integrated circuit chips integrated circuit chips and therefore to 
create very high capacity pattern recognition apparatuses and voice recognition 
apparatuses. 

Brief explanation of the drawings 

Figures 1 and 2 are structural diagrams and energy band diagrams during various 
operations for the first embodiment of the present invention; 

Figures 3 and 4 are structural diagrams and energy band diagrams during various 
operations for the second embodiment of the present invention; 

Figure 5 is a graph showing the relationship of the current flowing in the control 
electrode and probe electrode (floating electrode) to the potential of the probe electrode 
(floating electrode) from experimental data demonstrating the effectiveness of the second 
embodiment; 

Figures 6 and 7 are structural diagrams and energy band diagrams during various 
operations for the third embodiment of the present invention; 

Figures 8 and 9 are structural diagrams and energy band diagrams during various 
operations for the fourth embodiment of the present invention; 

Figures 10 and 1 1 are cross sectional views showing the floating electrode type 
and MNOS type EEPROM cells that are typical examples of non-volatile memory used 
before now; 

Figure 12 is a graph showing representative tunneling properties in silicon dioxide 
film; and 

Figure 13 is a graph showing the relationship of EEPROM writing time to the 
amount of change in the threshold value of the transistor having a floating electrode as its 
gate. 

1. Control electrode, 2. Floating electrode, 3. Tunnel insulating film, 11. Read transistor, 
12. Insulating film, 13, 14. Charge injection electrode. 
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[Fig. 3] [Fig. 10] 
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[ Fig. 4 (b) ] 
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[Fig. 71] 
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(57) mvtmxnmmi 

»a«a t ©IHI=!Ht6*ifcW»Dlt ttE*? 

*;i/*-p»fi*a*TiiiiBSiWtai=aA4*i*cfc« 



sevens. cufcSfiJ. a«as8Ei=»«fc*<* 
t?siLsiT»aa-e#*itf. 'J M*a*-c*# 

l*. *a*»IB©fl*»tt-0**$' , *-?*fc 
il±. 7-*-n*flMi:li*5ME*EttLTJsy. 

^'J (Electrically Erasable Programmable Read Only 
Memory. 1UT TEEPROMj £:BSffi-f£>) *<fctf ^tiTL> 
S 0 LA^Ls EEPROMlcttJaTKSt***^***** 
i. 

attMSttttoTl^iEEPROIItLTI*. »10Hl::fl*1' 
J: 3tf»»«aai»11HKw-r «fc 5ftW0S (Metal — N 



<2 

itri de-Ox i de-Semi conductor) MktffoZ, S&IOHfc 

tth^jummai, 4I4v-ximl 5ttKu-f>« 

«L 6i47;u§BISL 7l*SiS«. 8I4$*-K 91*® 

urn. mt^itm. tii4*s«^-c**. ra&sa* 

*<y hil^ KQI/SAICjcoT, jfiSmUt L < l*B 
<bB • glbBt^Stf) t/^t«flf*SEX-r*wi:l=J: 

ysssti*. 

saw t o>m<Dn&mz& < m&tz<D 

LTl*< <t, m^roSSliM • 1ftl!»tttt*aft<BttC& 

•5.0 cti^5?jsmisicK>^^*ic«i:<jm^&aA-r 

351201::. *>'Ja:/«fl:tt (I?^100A. SS250X25 
0/im) ICfcltS hi/*ju#]gi::j:£>tt£fi*i&ms-s 

isitb+ifc*iifflim@i irmE^EnsD^ti, ss^B-c-h 

>*;ue*B3i::*Ej&«frfr*. crotl?l:J;-5t, £ 

s 7 * ^m^a* h >*jua*imi- <c y sssisa 2 icax* 
n*. jfjsms2icm?-A<ss*^x<i)i:. h>*;u 

tti=LfcA«or h>*;u«Si*ftSBatti=*'>-l-*. 

Z<Dtzth y -5tmE-eSii*£*TtEoT^< ^ 

a<D^e^bi±mi3iai^-r J: 5 i=, b*mi=»ltbh: 
»b»ic c:-e, *i3B®tK*fcii3>fflt82 

%7-b£tZ>\K>S h7>vX*tf>L£lMI0>3SMbfl-e 

fe y . 3S«a 2 * ttfcm^s titfl l fc«-e * 
l * 5 1 1 hmm 

&*I±B»"C» fl£*ttl*0 (**&Vci*4K S# 

fc. 

£s§. 1989^, UAIR«2#. 191H (M.Holler.S.Tam. 
H. Castro, R. Benson, "An Electrically Trainable Art 
ificial Neural Network (ETANN) with 10240 "Float i 
ng Gate"Synapses, "IJCNN (International Joint Confe 
rence on Neural Network) j lz%,i~>ti&£. 9 1-» §# 

$«£lta>*&*tEfft£*Ba>a > fa- Ji VttWL 
-CEPflrf l> <t U o «k 5 1^> LS WSB*> &<0«$4£*<]ffllA< 



J: l=*4. * 

«a*/a*«ia t *«to*ws£1*»t?**eepruii 

t 1 1 <fc y > ^ ij ttzit^m nt£> =e y t 

fclvC, r-V^JUSdStcfcoT^-V r-*-V'J7£5g££ 
1±-5m^j£Afflme«i:. cro^J£AfflmSi:j?jSmS 
t ©WlcKIt c>+i/i r- >*)umE&5tffltf>*WSai: . 
«Wmafc»ilt*«i:fl)l«l=»«t6*ifc«Mli:*ll 

SOttliaAftlflfcJtttLTfcfc-*-*. 
^i'J-CJiS. ^-©lMtlSa**l=lftW*"4. 

*«aAffl«afc«»«ai:©nii«>«tt*=*y. a 

7i4«w*a4<a«>-c»i»fci!>i=, «»ma**f i-ft 

ia±©wa=*y» »SB*«i=3E*tvm«>*we* 
aAfflmafcttMacBrowiitt^asy. s^a 

>?ismaicsst * tifcmiwii 1** # l * t ^. l t*^ 

tt*©«a-ei*«»mai<s»*afl>±i=»it6*fc 
ey» n/*jnft«BC3^^*«ffi*» ««aAffl«a 

tHffli«at(DraroSE<0^fl:»SI«'"efcofco c+ili 

*SS WOTS b I- L fctf o TSi LS I <DSS JitttB^Wffl L 
*a*»**Bt x "C t n«i=aia-c * *. 
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fMini*l!W|-r4. 

S„ LfcA<oT, Sjfi«B2lch— SUUirLTIE©^ 

»i?X * 1 1 li-flSWIclix^ \y -j *> a t & ^ 
Ls NMOST-iJU*. SettJL h7>-:?X*11©lWli;¥i8 
ma2©m(SU^(b£&aj-f S-ir-efcSfrb, C©IW 

Sa<?K J|l|*fcl*3«JM!:ltTM4*aS"C*4. *HJS£ 
WCI*. JMS»a2l=«**&Ar*;:i:l=J:yjMfll 

ttf-ets. zc-ei*, &#£iESa 

*fc, *snfi«-cii«*i£Afli«ai*si»«±i=»ia 

*ju»»©»tttt**tLT. p. n**i-f n©#«ffl© 

snasw&ttiwi-etfi^u sc±ic89:it&tiMai*a 

at, *»aa©«**»iB*m*-ciMi+«. ®i 
»«ai fe*uf»a«a2©»ttiL-ci*, ami*** 

SfA<fflLXb*ii>. SW«$1 ©8gJ?l*iSx*;u4r-*-v 

y7©*ta • ««i*««Bi=-r4fc«>i=, it* 
<-*■•£. ffijttfiooAaai:-*-*. 3i&aa2©Bvi4 

nmtt® tit')* >m\tm t oit^mmmt 3 ~4evg 

8i»«a©»*©mtt*fl:t3Vfc Lfc»*, h>*'J> 
?£fic Lfcltft©** 'J 7©x^;u^-liSiS«a2 
frb*-C'J"S< it7eVJa±l4&gl-fcS. d®x*.;U 
14. l£B*ai=£ b"f > >*JMUW« 

atir&*i*WbBBI±80Aa§E"e*4. C©*i£©h:/ 

aaffl12©BM4J2rF©«fc3i::fc***i*. £ 



1\ »&*B*I=I4*x*;u*-&**iJ7jMMUI12© 
»*#*ail-r*^ C©B**U7l45t/>CJ:y 
»a**irx*;u*-t*5. c©«*t«/M=-r*fc 
*>l=, a«B12l4-e#*£lf*l*©*«B*U*. L* N 

am Lttsncfcux h >*juaMR-c*»p«a i atfti* 

Si^ifi^fciffttffcb'Sav, ±aE©<fc ?£&WtB 
2©«ttfc1t©**aft<3V©J|*. a&B12©Ui?l470 

Aasrc**. 

«5aAffl«ai3fcl* L14I4* Y 'J 7fflg10 20 cnf 3 g 
KlSl±©ttttS'eA£. 

fcfc\ S1B (a) -eWBli^XJU^filS. WLIin^X 
jk-C&ft. *fc, *1H (b) I* (a) ©A- A' ttHr 

ffiH, (c) li (a) ©B-B' ^Biffiia-efti). 

*»a©»i©aaa©nfi!i=-3t x Ta2H* 
m^x®mz. *?s sai*a2i=aa««*<<t<. 

Sa^/ <•< 7 X t frfr o "C I \ l **£© X *;U^r— > 

•kh*»2H (a) icavr. cc-ciima*t^©i$ftim 
i4. fwsaAfflaai3«cuLi4**icoattt-r*. * 

fc\ »2HI=J3t^T, 2a(4j?iS*a ©Ct®. 12 

al4$&^12©(^S> 1al4«|{ama (^JS) 1 ©tt£, 3 
al4h>^Hfta«©tt«, 13attm«aAffl«a (n + S 

i) i3©tt«*«-r. *fc. a^rtttx+^-u^^u 

£SL, »a»l4a^©<E6x*jmF-ttB**-*". 

fisa^-ttffi^»2ia (b) ic*-r„ ftsa^©«^ 

tttt»aail=3E/<-f7X (7VBLh) *EPAR1 

* 5 i.=a* *awffiA.«ai 3*^ 

isma 2 ©miaA^m^ thx u < ico*t,-c<st l 

"CUoTt. «t«12tA*Lfci:#©m^©x*^* 

-#*4«aaBii2©x*jm?-pw * y «,+»»ims 
y. »ii8«a2©«ta:iz«ff-r4ci:ft<«?*aA-r 

3Eaa^tta«a2B co ic^-r. iEsa^©*^ 

l4«Wtail=*/W7X (fi»lxl4-4VJil±) 
&3Altt7«r<l:?lc*-JI/£att&AJflVa (P + Si) 1 

4^b5SA*-fri>, aiftica^fci^ic, *aitei49 
a«a 2 ©meiiiiifflima i * y t < &u*>u 

12©tt^H»S ($54eV) BL±*til4aL^. 

ja±»aLfc»i©»««-ci4, j?5S«a2ics^.b 
Htm^i- * or j?jgma 2 ©s&A<*wms 1 * y t 

<6<fcy. **'J7I4, $feMkK12©x^JU^f-Bg*e 

5Lftfc»i=. »aaa2©'att«T»**^*:x*ji/* 

y, h>^;u«3EI4-7rt75 ■ y;uK/\-fAHIc*o 
fc. C©«^. 'J 7l4«*»©ffiMf *«<**;: 
tlc^y. x*ju4f-o^4<*#< ttifct^Wa*** 

4. *fc. aaaai 4>-e i t!Kx^j^-«4r^>j7a 
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2 \zmt ^n^omt^'pt s t t fc *>*. 

**y7lciSii]©x*JU¥-££fctt6C£ft<* i¥JS 
il6aa2©±l=«iB15S*rLT»2©««aa (JUT 

ranaaaaj tt^) i6«»it* cm 3 ii 
aufc*. *fc» »»«9P«ai6i**i4»*3i«-c#*itf 

*(.*©*, «l=flUHc«Httft<» flJa-til 000 Ail- 
's. a*B15©ttttl*a*B3.14fcntiL S>'Ja>Bfc 
Bfc-r*. lft*B15©BWI*»aB12i:Ha*©70Afc 

»«j«»«ai6©«tei±. &»&*«ictiwi«»aB 

■16lC«|ff*ai l=3^H-fc/<-f TX*y *Sl*IE/W7X 

t . sataa 2 ©atttfaaaa 1 ©mti £ y tut < * 

bftl^J:-5l=LTfc< C£lcfc6 (S54H (b) ) . C 

tilery, «^©aac*oT»iWta2»«tt4 t (ST 
+*cti=j:4aaBi2©x:M/*-»a©*tt*i»<' 

-i*, »a«a2tiwp«ai2©ft*Ba (»4eV) ia 
±**itfftt*. c4ii*»ai«a2i=ait6*i**!t»i= 

l4te#LftU, ftfc\ »4HI=JSt^T, 15att|fitUI15 

©aa. i6attann«*a (&B) i6©tta*«u 

nai= as ivc* 2 ® t m-®#x.\tte£$#iz\m-ft 

ftfr*>. J?iB*a2l=BJin"*"4»E4 t 4VaaJSl±'Cft*i 

Kat^fc*. h>*jHftaBi3©a[4S3»<-ct4© 
■c. MftK©eaw!t*a&<ct*K>^uaa-c*4Btt 

h >*;ui=ifii*a*-0Bfl;B*tt*4 i: I* ? Wjft-e* 

fi**sa*BB*<ai*fc»i:u x*;u*-nx# 
-> y 3 >BfcBT»a» k fc**f* 

l*s y-h«a©*t»l=t*«*<» K-7h -tfySi© 
»#MSHbBJI40ABlT. EPHDS^IOMV/cmKlT-efc 
ft. Lj& x L» C©^{*1?l*S3SESgl±10- 6 A/cn 2 get 

naaaw=i*i'>*-;uaiit**< tftftit 

fttfftbftl*. fCT?. 7x07 • yjUh/WA ■ h> 
*^ftftl=A*B»*«ffl Sftft. *©BIJ5I440~80A 
gg-efcft. c©S2©Hffi#|-ei*, h>*juBftB3 

©BI?£50A<!:Lfc. £$>lz. *v h** y7*«B»B 

a*^iiii'r-5iis : t.s : f-©x^u^r-^mi ©nsg^iic 

*©«*#*#< & 3 ft. 



iESii^©«^i±^]fflisa 1 icmnvr* (a*«- 
4via±) ***u *-ju*maaAffl«a (p + si) 14* 
bSA£t!-6. c©t#. attMaaaieKMHaa 1 

aa2i;:*— jua«b»**vci*ot*. sjssa2©m 
ai^^Mivaa 1 ©mtij: y tax ft bfti* <fc 5 1 lt 

fcMt«J:t\. fc/£U a*ltt"CI.:fta&*£fT<foT 

i*TS»«a2©a{foMK<&o-ci*6©-c. anaa 
aai6i=tt«flp«ttfcHii/WT^*^it"C6iti<*^ 

(B4B (c) ) . 

*fc. »*B12©BW©aB*<fc <£«©*, HS10 
ftCitf-Ctft. Cfttt, i«3t5©J?5SSaaEEPROM)!)<, 

l=«aWS©rt±ffB*ift*ofc©l.:*tU *3&S£#1© 
*#fcfiJj£i©--3-efc4. 

**s, a»«»aai6i4SiB«a2i:#a«*s-i"*i. 

i*j:(.*©t?. &rLt£3Bi::«-*-<i:?i=&8BB©± 

SMzftSf ft&gl4ftl\ RULh7>i?X*11 

t©aaa*ft«a-r*cfcic*y, anaaaaies 

*B&f -5 SS4®l=fcUT (a) 14^213 

(a) &Hai=a/<'r7xaa«ffiaL©toattB£$ 

a2©a«a©*»tt*aa-r*fc»i=ff<i:o*:aB 
b*i;:oi\t«w*-«. *c-ct±»B«ai=aTfcK 
its 3a«a©attt**Ti»ofct#i=»aaaKa 
iiataatB^fc. ti** rj?8j «axi*^o^© 
■e» jaTcttwett^p-^aaif-scfcic-t*. h 
>*jHftaB©BWtt75A» h^*ii/a*a«tti. i ^« 

2 -Cfei). St|WmaiCliI?$130AX^M1?!lfflg*<f^5 x 
10 19 cm" 3 ©'J > K— ^ • 7KUSi*fflt»f=. ^n-^ma 
icli, HC"J> K— ^ ■ 7H'JSi^150OA©{?*T?ffl^ 
fco «W«at^a-^«a©lll©WiB (W»B12t 
fiS) 1=14150 A ©Si BftBSfflt^fc. (a) 

(b) iz. 3fp-^ma©miiii:. wmnmts&if 

^D-^tai=il*i.*«ai:©B««fiB-r. CC-CI4«« 

laima^omiaictofc. asa (b) izfc^-cm^a 
Aaaac-11 . 3v$epjjd Lt t # taict * t , 
-^ma©«<4*<o.7v*i8^si:, ^p-^samaiE*< 

#i=?n— ?aa*ai*i596iaTLjWi»Ltti*. 

©EEPROM^jg-e l4aftBttMI=«SEA<aiP-r * Cfc t Jt 

^•st. c©s*i4. ^B-^aaasw^n-^a 

aaiilcli t A/ i* tfe# L ft 1^5 C t & * L X 1*6 . 
Lfc*<oT, m2©IIJ6^J©^Si14*<3lgiE**ifc. 

cc-caar a. ^p-^aaa(4*<o.7v 

UlTX 15 i Aj t' -J P — ^aaaSE A<3EHft L ^"C fe h . 

cni4, Maaai=at*fc»K'jsi©^«aaaj6<+«-a 
aa-c<ft^fcftic 8i\Maaa±<*A<KiiaunBE© 
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tih. Ja±©»RI*. MW«a«SI©Wt (85 0 

(a) ) iiEL<B&9ILT^i>. t LPimWBOmm< 
5S±l::B£*4fCl*W4\ ll«atiltt^n-^tfll 
*ttlcB«<S<-£©l4-f/£^&-C**. 

0(b) T?5JE 5 frttTJttfclVi 

B3©Jllfiai;:oivc* *8Hfe*tfK70B*fflt^rtt 

T*fcofciM£©**raAflIfta*aWia©tt (n 

g©17£18» pS©19i:20) £fflg-f&. affi& 

MfllMt LTttK-^H- ■ iK'JSHrfiK.**. 

IUU9I3 j3*t;ii«i*ai8.20fcsapia2iB©«»a 

(i/'Jal/BfcB) 12£ffll^£. 
*fc, KULfflK9>^*11l**illM2l=»«* 

C»€> 0 C©y-MC£oTSM ©3IJS£ffl©lflI _ C8&EL 
fcSJtHL l-7>5?X*©fiH:|Ba-e*:<*:«. tfcfr 
fc» ttSHHfcW»l=5***ai=»*&ftfc*1S**aHJ 
Lh9>i?X*OL*t^a*fl;i:L-caia**i4. Lfc 
A<oT\ V- h21l±tt*©EEPR0ll©MW«ai::SJ!J+ 

i.o *fc. 2 ©tasa^aaLfcaaaw 

m&tLXtmt&t y-Hfi«B22tt»iMMSl::C 

©»#* &«»jWMsaai=&*.**i*i** ? ic h 

i20Aia±tt*a-cft«. 

y— hzittsaaaziaaa^L-coiro'c* ft 
aa*»i=y-h2iicaa«ai8i=3Wtfc/<'f7^*y 
*atxiE/<-fT^*jwtrj3#, ssMta2i=«*tf» 
a * tix l ^ o -c * » ssaa 2 ©»tt#tt»«ai 8©* 

^70 (b) icEa&*©a#**i\ ±taai=y 
A'ss^iituott, sai«a2©«ttMttP«a2o 

c c-c, je ■ aaa*-c-t*i^*iatt-3te*afl©a 
a»jto&a&aa*Kwr*. 
6. aaaAa«aici*a»a*©«*i=i*na*a(* 

i=. aaaatL-cfliitf. awvais (n + #'jsi) \z 



Lxt, HB#icaaaai8fr&*if£Afflaai=flfro 

TV* AWtTl* < o C©*«l:: <fc r>X V !/*jUK*B 
3l=-**iBL±©«JlWaMt&*ir, h*-;U©£A 

ai JtE^L*3©»aa-ci*««ttAffl«ai«»a 

a©M©i*^y>f , *aaa3ftaL-cff<fofc4«, 
*8B*s*t;»9Bi=«^*5K, ««aAaaai3 
(p++) .u (P++) tmmnmi irPtv**) 
«**©aa*a>s»a«afl)ttaB-c»*L. «/<<r 

7*T7Jfl>pna#-C0Blv<:/ KAtttfyK**/*:/ K 
Bh^'J^^Jjy+^'JTtaX^iCfcfe* 

So zvai-stmwmmi saaBi*. ioooa 

ggjaT©attT»l*t©T?fclt*llifc ftfcfS 

9 bi= jsi*t* 4 0 1 H-aaxttsaaafcttn-ff 
[««©»*] 

Bl±KBLfcJ:3lc*aBI4. h>*Jl**CJ:ot 

*aA.«ai:»a*ai:©Bi=»i+&4ifcK>*^aE 
»*a©a»«ai:, a«ma^Aa*a2:a)Mi=ait 
6*ifcaaBfc*ajt» *?h**'j7*s»ta*B 
oTt^-&a«a©x^*-Ba*aAr»ai«aKa 

IzLtzCt lz* y » h >*;i>©fctf>©£<a 

«i*aaaxa«ai:aw«a«>B«>«tta-e** y * 
sa«ai»«tti=H:B»**j.i\ «aaa*a«>r»i.» 

tk«fc»»aai=mii*a«-r*ci:3i«-e#. ssm 

»jBaa»±i=aaa«^Lra«iaw«a* 

©5¥aaafflEEPRan» jKo«*a±i=Bt*aaB'ea 5 

r B i©#sfc * tf^aaa t a»«a©B©M©s*» 
w= cfc yawaxaaai:»a«a©Mi=»it6*ifc k 
>*;ua«Bi=aEt3WtTt»t:fcft» awaataijo 
+ •ssa^«E^ k >*^aaai=*»i=^«t*fc»i= 

I4, 1^j£Affl«gt>?5ama©PBl©§*i:j?S««ii: 

& w*©*«« < -r s c t ic!4si?*<fc y , 
^#©§s**# < -ri)fc«)icj?jsmai:*i]wmffi©ra 

©a*B*»<+*cil*«f«**tt**fc***fc 

fticg^ l < JtEt^fc*. »ssa«aia»aa©w© 

^— y v ^ffiSS *"C # * y«lt* * < L ft lt*itfft & 

•f> *©fc»i=-b;uaa©a'h4<Bai=flcoTt^fc©i- 
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tt<s / < * - ^ttmaat^ptsmmm. k £ £ i> ct *< 

[B3ia>flI*£K9l] 

»1 BfcJ:tf»2BI**»Wa>Sl ©*ffifl©**aa 

[s2l (a) ] 



3a 12a 




13 14 



a»fta»©x*^*-/<> KB, S&5BI*SS20>3&Jg0i| 

a) ©w&fcawittisjitf^n-'TWi (Sjsma) 
Hi***a©»3fl>a«««)«a«aHfej:tf*aiifr 

KB, *10B&<i:tf*11BttaSfr fettfriiT 
0Sffl©EEPR0M-b^*#-«fBa3tB. W12BI*i>'J:a > 
13BI*EEPR0BI=fclt**&*B#MiS»W*y- !• <k 

1 trama*- 2 j?js*s> 3 bis*)vmm 

B. 11 RUiL h7>i?X$, 12 ttJML 13,14 

m^Afflsao 



[$2B (b) ] 
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13 

[133 0] 



( 8 ) 



14 

[S&1 0 0] 
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(a) 




Vprob (V) 



(b) 




Vprob (V) 
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[*7H] 




(58)SiaLfc^if(lnt.Cl. e , DBS) 
H01L 21/8247 
H01L 27/115 
H01L 29/788 
H01L 29/792 
61 1C 27/00 101 
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